INTRODUCTION
Despite of recent developments, causes of cutting tool geometry deformations incurred by usage is still unknown and not possible to estimate precisely yet. Since the costs of cutting tools and their replacements in machining processes influence the total production costs by 3% and 12%, respectively, accurate measurement of tool geometry is of great importance to delay the tool deformations and to extend tool lifetime period [1] . Quality assurance policies are used by many various companies to provide clients with high qualified products and technical support. Thus, inprocess inspections should include all steps of manufacturing to meet the demands of related quality management system standards [2] .
Many different industries set high demands on geometry variation of tools due to the technological developments. These high demands stem from high and ultra-high precision machining of different kinds of materials. For instance, while cutting of brittle materials in a ductile mode using diamond tools, such as ductile cutting of silicon and quartz for wafer fabrication, one of the key conditions for achieving ductile chip formation is to get the right cutting edge radius of the tool to the undeformed chip thickness. It has been shown that the undeformed chip thickness has to be in the order of nanometers and that the tool cutting edge radius has to be smaller than the undeformed chip thickness. Therefore, precise measurement of diamond cutting tools has become a key issue for ductile mode cutting of brittle materials [3] .
As emphasized in the literature, cutting tool tip radius deformations during the machining, according to the wear mechanism, is still poorly understood and cannot be accurately predicted [4] . Determining significant factors which affect the tool tip radius is crucial for the final surface quality and life of the tool. The precise identification of tool geometry is important for the determination of both tool life and machined material surface conditions. Tool geometry identification, including edge radius determination gives not only important information on high precise manufacturing processes, but also explains the wear behavior of the tool. High precision measurement techniques are being used to determine the geometry and especially the edge radius variations of various machining operations tools.
Recently, 7xxx series Al alloy are being used in different experimental studies. Al 7076-T6 material was used for investigating high-speed milling effects on the final workpiece surface by means of analytical and experimental methods [5] . Al 6061-T6 was used as specimens for micro milling experiments in an experimental study [6] . In another study, Al 5083 blocks (140x70x30 mm) were used to investigate parameter effects on tool lifetime. The Gray based Taguchi method and ANOVA analyses were applied for experimental design and results. This analysis showed that decreasing feed rates increased the tool life [7] . Al 7075-T6 alloy specimens were applied in an experimental study for dry cutting high-speed milling operations [8] . To model the cutting forces for face milling operations different kinds of Al 7050 specimens were used in other experimental studies [9] [10] . Researchers used Al 6061-series aluminum workpieces in a Taguchi L9 orthogonal experimental array set to obtain significant factors that affect the workpiece surface roughness. ANOVA was used to analyze outputs from an orthogonal array. According to these analyses, a low feed rate and a minimum rake angle create high surface quality at high speed milling operations [11] .
The purpose of this study is to determine the geometries of brand new and used end milling tool tips and the final workpiece surface qualities by means of precise measurement techniques and methods. In addition, we aim at determining the optimal process parameters and tool radius by using the Design of Experiment (DoE) methodology. This paper studies the optimization of processing parameters and different coating materials combined with different tool radii to obtain the minimum Ra (Arithmetical Mean Surface Roughness Parameter) values for the end milling process of Al 7075 alloy by using Taguchi and Regression methods.
Specifically, the tool edge radius was obtained by modern 3D dimensional methods. The geometry has significant effects on surface quality and there are limited numbers of studies on the subject matter. This experimental study aim was determination of high accuracy mathematical model between the Ra and the processing parameters by using the measurement data. The relationship between the control factors and the response factor "surface roughness" is determined. The results revealed proper coating type and the optimum process parameters. In addition, the calculated mathematical model predicts edge radius changes of the tools against workpiece surface damage.
MATERIALS AND METHODS
In this study, Al 7075 Alloy workpieces were end milled by using 3 different coated milling tools of 3 different initial edge radii. Each tool has four flutes with a 30° helix angle and 10 mm nominal diameter. The selected solid carbide cutting tools for experiments were coated with 3 different coating materials by PVD (Plasma Vapor Deposition) technique.
Aluminum alloys are widely used in aerospace and automotive industries to manufacture products in short processing periods to supply a large number of manufactured products by high-speed machining. The manufacturing of such a significant amount of products requires high productivity with an increased cutting speed and feed rate. Al 7075 alloy blocks were used for each set of experiments. The chemical composition of the processed material is given in Table 1 . The experiments were conducted in two different sets of processing parameters, such that observation of the effects of the harder cutting conditions on tool edge geometry is possible. The experiments were classified into two sets, namely "the first milling operations (1 st )" and "the second milling operations (2 nd )". Experimental design factors and their levels are given in Table 2 . The 27 different Al alloy blocks had a 5050 mm cross section and a length of 160 mm. The method presented in this study is an experimental design process called the Taguchi Design by which the inherent variability of materials and manufacturing processes have been taken into account at the design stage. In the Taguchi design procedure, the parameter design stage has been widely used for optimization of manufacturing processes [12, 13] . The vital aim of this experimental work is to determine the optimal cutting conditions that yield the minimum Ra value. In a significant number of studies, only three common process parameters, i.e. feed rate, cutting speed and depth of cut were experimented [14] [15] [16] [17] . Manufacturers and customers are expected to test functional geometry and wear characteristics of tools to ensure that only functionally capable tools are used in the production process. For these purposes, the initial geometrical and surface characteristics of the brand new tools are examined in both 2D and 3D measurements. Edge radii of the brand new and mill-processed tools are measured by a ZollerVenturion 450 -3D laser scanner, Germany. Images were captured by a Keyence -optical microscope, US, and a Schut -stereo microscope, The Netherlands. The milling Certainly, tool edge radius stability performance is related with the final surface roughness of the workpiece. Therefore, an experimental design was introduced and all test specimen end milling tool radii were measured before and after machining for obtaining deviations from the initial geometry.
By this approach changes of surface conditions and tool tip geometry were obtained accurately. Figure 1 shows the initial tip geometry figures of the ZrN coated tools at 1.0 mm and 1.5 mm nominal radius measurement operations respectively, with ×50 magnification.
RESULTS AND DISCUSSIONS
Today's high precise manufacturing technology requires practical solutions to improve surface quality of the machined products. At this point, evaluating cutting performance is an important factor. On the basis of this factor, Ra values of the milled products were chosen as response to determine end milling performance of the manufacturing systems.
Process parameters that affect the characteristics of milled products are tool characteristic parameters; tool radius and coating material and the milling parameters such as the cutting speed, the feed rate, and the depth of cut.
The presented results were analyzed in the limits of the selected orthogonal array. The basic quality characteristic for this research is the minimum surface roughness for optimum machining conditions. According to the measurements, the minimum surface roughness was obtained with the third level of radius, the third level of coating, the first level of cutting speed, the second level of depth of cut and the first level of feed rate ( Table 4) .
The ANOVA statistical analyzing method was used for investigating the most effective process parameters. The results indicated that coating type is the most effective parameter for the surface roughness in accordance with the selected parameters and their levels. The results were provided at the 95% confidence level.
After determining the optimum levels of the processing parameters and tool edge radius, these levels should be verified. Repetitive machining processes were applied for the verifications. Repetitive surface roughness measurements taken from the work piece are indicated in Table 4 . The experimental results are in agreement with the predicted results from the proposed method. The experimental results of the surface roughness were comparable with the predicted values. The mathematical model results and the measured surface roughness values in each experiment were similar. The authors also calculated a similar model in a previous study [18] . In this paper, the presented models predict more accurately the final surface quality by using radius wear effects.
The authors have conducted an ANOVA test for investigating the most effective process parameters for the first step milling operation results. The coating type was determined as the most significant parameter, according to the ANOVA analysis. Analyses showed that the ZrN type coating provides the best surface quality with a minimum surface roughness of the workpiece. Increasing cutting speed decreases the surface quality, as observed in previous studies [19, 20] . In this experimental work, the minimum cutting speed of 50 m/min resulted in a minimum surface roughness. The S/N ratio graph shows that at 0.75 mm depth of cut the best surface roughness were recorded (Figure 2 ). The depth of cut value has a remarkable impact on the cutting forces. Moreover, it introduces thermal changes during the machining process. The depth of cut effects the chip flow angle, which is crucial for heat dissipation. Thus, the depth of cut is a significant parameter for the surface quality and the tool lifetime [21] [22] [23] . As is indicated, decreasing the feed rate increases the surface quality [24, 25] . The experiments in this study also confirmed that the minimum feed rate leads to a minimum surface roughness of end milled products. The regression analysis was used to understand the relationship between the selected parameters and the surface roughness deviations. The calculated mathematic model for the Ra is: 
Variables were defined as initial edge radius, edge radius after 1 st milling operations, cutting speed, depth of cut and feed rate for the regression analysis. As indicated in Eq. (1), the model incorporates the effect of edge radii, cutting speed, depth of cut and feed rate on the surface roughness of the workpiece.
The authors strongly recommend the use of the suggested coating type i.e. ZrN, when using the regression model considering the Taguchi results.
The edge radius change, r ε1 , was also determined as an important parameter during the machining process according to the Taguchi method. According to the results, when the edge radius increases, the surface quality improves, related to the depth of the cut values. On the other hand, when the feed rate decreases, the surface quality increases. The feed rate appeared to be the most effective parameter after the coating type for a better surface quality. By the created regression model, 85.53% of the total variability in the deviation can be explained by Eq. 
CONCLUSIONS
This experimental work is about optimizing the processing parameters by using different coating materials which were combined with different tool radii to obtain the minimum Ra values for the end milling of Al 7075 alloys. The Taguchi method was used for the experimental design. Tool edge radii and machined surface roughness were measured by means of high precision measurement techniques. Surface roughness values were used as output for the analysis.
Experimental results and the regression models confirmed that the increased wear of edge radii decreased the surface quality of the machined workpiece. According to the proposed optimization method, the optimum process parameters, the minimum cutting speed, the average depth of cut, the minimum feed rate and the maximum edge radius provided the best surface quality for Al 7075 alloy. Besides, according to the regression analysis results, ZrN coating types for relatively low cutting speeds and TiAlCN coating types for cutting speeds higher than 100 m/min gave the best surface roughness performance.
In addition, a relationship between the work piece surface roughness and a cutting tool edge radius were found according to the experimental runs. In conclusion, tool edge radius wear was found to be a crucial parameter, as well as the feed rate, the depth of cut and the cutting speed. This study provides an insight into the relationship between the wear mechanism of the tools and the surface quality of a workpiece, according to the processing parameters.
